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Genetics of naphthalene and phenanthrene degradation by
Comamonas testosteroni
AK Goyal and GJ Zylstra

Center for Agricultural Molecular Biology, Cook College, Rutgers University, New Brunswick, NJ 08901-8520, USA

Naphthalene and phenanthrene have long been used as model compounds to investigate the ability of bacteria to
degrade polycyclic aromatic hydrocarbons. The catabolic pathways have been determined, several of the enzymes

have been purified to homogeneity, and genes have been cloned and sequenced. However, the majority of this work

has been performed with fast growing Pseudomonas strains related to the archetypal naphthalene-degrading P.
putida strains G7 and NCIB 9816-4. Recently Comamonas testosteroni  strains able to degrade naphthalene and
phenanthrene have been isolated and shown to possess genes for polycyclic aromatic hydrocarbon degradation

that are different from the canonical genes found in Pseudomonas species. For instance, C. testosteroni GZ39 has
genes for naphthalene and phenanthrene degradation which are not only different from those found in Pseudomonas
species but are also arranged in a different configuration. C. testosteroni GZ42, on the other hand, has genes for
naphthalene and phenanthrene degradation which are arranged almost the same as those found in Pseudomonas
species but show significant divergence in their sequences.
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Introduction discovered about the ability o€omamonasstrains to

Polycyclic aromatic hydrocarbons (PAHSs) are ubiquitous indegrade naphthalene and phenanthrene.

nature. They are formed by a variety of biotic and abiotic
reactions in nature. Their major source in the environmenMetabolism of naphthalene and phenanthrene by
is from the combustion of organic matter and, in recentPseudomonas strains

years, from the processing and use of fossil fuels. Due t . .
their aromatic nature and the stabilization afforded by mul(ﬂ-he pathways for the bacterial degradation of naphthalene

. . : and phenanthrene have been analyzed for over 30 years. In
tiple rings, PAHs are very stable and recalcitrant tc’fact, the degradation of naphthalene (and to a lesser extent

microbial degradation. Many microbes can, however, rap- . .
idly degrade the simple polycyclic compounds naphthalena%?e degradation of phenanthrene) is often used as a model

(two fused rings), phenanthrene (three fused rings, angul ystem for polycyclic aromatic hydrocarbon degradation.

: - he catabolic pathway was initially described by Davies
arrangement), and anthracene (three fused rings, Imea{#d Evans [1] a?nd is s%own in Figu)r/e 1. Clarificati)c/m of the

arrangement). Four-ring compounds such as pyrene an eps following ring cleavage was supplied in 1992 by

chrysene are also metabolizable by bacteria but at a mug% ton and Chapman [5] who used the clomeahCDE

slower rate. This being the case naphthalene, and to a les =T
extent phenanthrene, has often been used as a model COﬁ}ﬁnes to produce and analyze metabolites in the pathway.

pound to study the degradation of PAHs both in the labora ttgiﬁt:)%nth%f a?grgzttihca:iennge fgren?ilrrl]];s (ﬂ;l;oégh diﬁ;%xr%g)];?ase
tory and the fieldPseudomonastrains (especiall. put- - 4 5_gindronaphthaleneiénaphthalene dihydrodiol) [14].

ida PpG7 and NCIB 9816-4) have long been used as theI'his reaction is catalyzed by the multicomponent enzyme

organisms of choice for laboratory investigations due to the . . . .
ease with which they can be isolated from the environment!qaphthé1Iene dioxygenase (Figure 2) which has been pur

the rapid rate of growth they exhibit on naphthalene, an T'Oer? ;?qgogs\%?rklgg {;(])H?FW%Ut(I:%?nN%Inir?tzlngngyrﬁrlglene
their ease of manipulation. These strains have become parg- function t f P | ph hird
digms for what occurs in nature. However, nature by defi- loxygenase function to transfer electrons o the thir

nition is a diverse environment and many different bacteria\fNhICh performs the catalytic reaction. Initially, a reductase

) nctions to accept electrons from NADH or NADPH. This
some perhaps unculturable by today’s methods, have th e .
ability to utilize PAH compounds as carbon sources foréjnzyme has been purified [12] and shown to contain both

growth. This paper will review what is known about the FAD and a plant-type two-iron two-sulfur center. Electrons

degradation of naphthalene and phenanthren@4sudo- I%:e then transferred to a small two-iron two-sulfur ferre-

. . oxin [11]. The terminal oxygenase component [6] receives
monasstrains and compare that with what has recently beet e electrons from the ferredoxin and catalyzes the addition

of both atoms of molecular oxygen to the aromatic nucleus

. to form cis-naphthalene dihydrodiol. The oxygenase
Correspondence: Dr GJ Zylstra, Center for Agricultural Molecular

Biology, Foran Hall, 59 Dudley Road, Cook College, Rutgers University, component_ consists of th nonidentical polypeptlde sub-
New Brunswick, NJ 08901-8520, USA units, a Rieske-type two-iron two-sulfur center, and a
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Phenanthrens dihydrodiols but also having the ability to carry out
monohydroxylation, desaturation (dehydrogenatio),
andN-dealkylation and sulfoxidation reactions on a variety
of substrates (reviewed by Resniekal [20]).

The cis-naphthalene dihydrodiol formed by naphthalene
dioxygenase is subsequently dehydrogenated to 1,2-dihyd-
roxynaphthalene by ais-dihydrodiol dehydrogenase. This
reaction produces NADH, essentially replacing the reduc-
ing equivalents utilized in the first catabolic step. Tdig
naphthalene dihydrodiol dehydrogenase frdtn putida
NCIB 9816-4 has been shown to catalyze the dehydrogen-
ation of cis-dihydrodiols of naphthalene, biphenyl, phe-
nanthrene, anthracene, toluene, and, to a limited extent,

Naphthalene

Naphthalene
dioxygenase
nahAaAbAcAd

cis-Naphthalene
dihydrodiol
dehydrogenase
nahB

1,2-Dihydroxy-

g;@gg%g{y benzene [19]. The enzyme is not able to catalyze the
nahC dehydrogenation oftransnaphthalene dihydrodiol. 1,2-
A Dihyplroxynapht_hal_ene is the SL_Jbstrate foetacleavage _of
chromene- the first aromatic ring by 1,2-dihydroxynaphthalene dioxy-
B genase. Unlike ring cleavage of monocyclic compounds,
nahD the product of this reaction is not stable and rapidly forms
trans-o- 2-hydroxychromene-2-carboxylic acid [5]. In order for the
benayhoene- metabolism of naphthalene to continue, two specialized
N ratase- l enzymes must be present. An isomerase acts to change the
aldolase ‘ cis double bond in the cleaved ring ta@mns double bond,
nahE . .

, @CHO forming trans-ohydroxybenzylidenepyruvate. The latter
ey l l compound is acted upon by a hydratase-aldolase to cleave
nahf oH ' - the side-chain at the position of theans double bond to

@: ‘O form salicylaldehyde. A dehydrogenase then catalyzes the

(oo} conversion of salicylaldehyde to salicylate. Salicyate is sub-

/\ ~ coo sequently metabolized to tricarboxylic acid cycle intermedi-

l oH 0=¢—C00"  ates either through the catechol or gentisate pathways

OH OH OH Z depending on the host bacterium (reviewed by Yen and

©[OH HO/GECOO' OO l Serdar [29]). :
Catechol Gentisate 1.2-Dihydrony- . Phenanthrene and anthracene are metabolized by the
naphthaiene @: same enzymes that initially act to metabolize naphthalene
coo (for a review see Sutherlaret al [26]). One aromatic ring
Phthatate is removed in the process with the formation of 1-hydroxy-

Figure 1 Catabolic pathways for the degradation of naphthalene and2-Naphthoic ac?d in.th_e case of phenanthrene and _2'hyd'
phenanthrene by bacteria. The enzymes for naphthalene degradation ar@xy-3-naphthoic acid in the case of anthracene. While the

the genes that encode them are listed on the left. The same enzymes atgntinued degradation of anthracene has not been well stud-
able to catalyze the metabolism of phenanthrene by the pathway Showi’éd, two possible fates are known for 1-hydroxy-2-naph-
an the right. thoic acid. One pathway, commonly known as the Evans
pathway, involves catabolic steps similar to those involved
component contains both the Rieske-type iron sulfur centein the catechol pathway for the degradation of naphthalene
[24] which accepts the electrons from the ferredoxin as wel[1]. That is, the compound is decarboxylated to form 1,2-
as the mononuclear iron [15] involved in the actual catalyticdihydroxynaphthalene, which subsequently reenters the
activity. Naphthalene dioxygenase from putida NCIB  catabolic pathway at the ring-cleavage step. Thus, the three-
9816-4 has an extremely broad substrate range, having thi®ng compound is metabolized twice through the ‘upper’
ability not only to catalyze the addition of oxygen to a wide pathway to remove the first two aromatic rings and once
variety of polycyclic aromatic hydrocarbons to forals-  through the ‘lower’ pathway to metabolize the last aromatic

NAD(P)* Reductase Ferredoxin Oxygenase

(Reduced) (Oxidized) (Reduced)
nahAa nahAb nahAcAd 02 H on
¥ OH
NAD(P)H+H™* Reductase Ferredoxin Oxygenase iH
(Oxidized) (Reduced) (Oxidized)

Figure 2 Oxidation of naphthalene tois-naphthalene dihydrodiol by naphthalene dioxygenase.
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ring. The second possible pathway, commonly known as oxidation [2] have also been used. These gene designa%fjgns

the Kiyohara pathway, involves a novel ring cleavage stefre confusing as the nucleotide sequences are more than
[16]. In this scenario, 1-hydroxy-2-naphthoic acid itself is ~ 90% identical to one another.

the substrate for ring cleavage between the hydroxyl and As shown in Figure 3, a consensus can be formed for the
carboxyl substituents on the aromatic ring. Subsequent organization of the genes in the upper pathway operon. For
metabolic steps involve the removal of the aliphatic sidemany of the strains, only a few of the relevant genes have
chain and the formation of phthalate which is metabolized been sequenced. The operon begins with the four genes
through protocatechuate to tricarboxylic acid cycle inter-necessary for naphthalene dioxygenasahAa, nahAb,
mediates. nahA¢ andnahAdencoding the reductase component, the
ferredoxin component, and the large and small subunits of

the oxygenase component, respectively. Immediately fol-
lowing these four genes amahBencodingcis-naphthalene
dihydrodiol dehydrogenaseahFencoding salicylaldehyde

The genes involved in naphthalene degradatiofPbgudo- dehydrogenasepahC encoding 1,2-dihydroxynaphthalene
monasstrains have been extensively studied. Historically, dioxygenaaeQ encoding a protein of unknown func-

the most information is known for the NAH7 plasmid, orig- tion, nahE encodingtrans-ohydroxybenzylidenepyruvate

inally found in P. putidaG7. This plasmid contains two hydratase-aldolase, awathD encoding 2-hydroxychro-
operons which contain the structural genes for naphthaleneene-2-carboxylate isomerase.

degradation [3,28]. One operon contains the genes for the

upper pathway, encoding the enzymes necessary for tq
conversion of naphthalene to salicylate. The second opero
contains the genes for the lower pathway, encoding the  As stated above, much of what we know about PAH degra-
enzymes necessary for the metabolism of salicylate througtation is based on the study of one catabolic pathway and

the catechometacleavage pathway to pyruvate and acet-  one family of closely related genes foBsdudomonas
aldehyde. A gene encoding a regulatory protein responsivepecies. There are many examples in the literature of bac-

to salicylate is located in a third operon. Plasmids, such as  teria that have been isolated for the ability to degrade naph-
pDTG1 found inP. putidaNCIB 9816-4 [21,22], analogous thalene or phenanthrene that do not fall into this family of

to the NAH7 plasmid have been found in other organisms closely related organisms and genes. It is possible that these
(for a review see Yen and Serdar [29]). The genes for naphbacteria possess different catabolic pathways for PAH
thalene degradation have been cloned from a number of  degradation or possess highly divergent genes for the same
different Pseudomonastrains. The genes are fairly easy catabolic pathway as that discussed above. This is consist-

to clone, owing to the fact that expression of naphthalene  ent with the fact that at least five different catabolic path-
dioxygenase irE. coli leads to the synthesis of indigo [8]. ways are known for toluene degradation (reviewed by Zyl-

This is due to the fact th&. coli metabolizes tryptophan in  stra [30]). In analyzing diversity one comes to a fuller

rich medium to indole which is a substrate for naphthalenaunderstanding of the microbial ecology of PAH degradation
dioxygenase. Following the enzymatic oxidation of indole and gains more tools to study community structure and
to acis-dihydrodiol, spontaneous chemical reactions occudynamics at sites where active degradation of PAHs is actu-
which result in the formation of indoxyl which dimerizes  ally occurring in the environment. We decided to pursue

to form indigo. Thus, one need only construct a genomicthis idea by applying a genetic approach to the isolation of
library of a naphthalene-degrading strain En coli and organisms that degrade PAHSs. In this approach we would
screen the resulting colonies for one which turns blue. Curnot simply look for the fastest growing organism in the

rently, genes for naphthalene degradation have been cloned chosen enrichment medium (itself biased for organisms pre-
and sequenced from at least nine differ&#eudomonas ferring that medium) but would screen for all possible
strains (summarized in Figure 3). While the majority of = PAH-degrading organisms. This would be accomplished by
these strains were isolated for the ability to degrade naphdasing a PAH of limited water solubility (phenanthrene) in
thalene [17,23],Pseudomonasp strain C18 was isolated order to limit the speed of growth and by isolating organ-

for the ability to grow on dibenzothiophene [2] aRdput- isms in the early stages of enrichment before the faster

ida OUS82 was isolated for the ability to grow on phen-  growing strains had a chance to overwhelm them. The
anthrene [27]. However, all strains grow on naphthaleneorganisms obtained would then be screened based on

and the ability to grow on other substrates may be con-  whether their genomic DNA showed hybridization to the
sidered a trait of the broad substrate specificity of the catanah genes. Those not hybridizing would be selected for

bolic pathway. Even though all of tHeseudomonastrains  further analysis for their PAH metabolic pathway, enzy-

could be considered to be naphthalene degraders, gemeatic traits, and gene structure.

names were assigned based on the characteristics of the The Passaic River in New Jersey was chosen for the
strains. The ternmah has historically been applied to the initial analysis due to the fact that the river has historically

genes for naphthalene degradation and has been used by  been polluted with a wide variety of chemicals. A number
researchers working withP. putida strains G7 and of different strains were isolated for the ability to utilize

NCIB 9816-4 [10,23,28]. However, the termdofor naph- phenanthrene as the sole carbon source. Six of these strains
thalene dioxygenase [17]pah for polycyclic aromatic were chosen for the initial analysis. Each of the six strains
hydrocarbon degradation (Takizawat al, GenBank  was tested for the ability to utilize other aromatic substrates
accession D84146; [27]), andox for dibenzothiophene (Table 1). All of the strains were able to utilize naphthalene

Genetics of naphthalene degradation by
Pseudomonas strains

§0Iati0n of diverse strains for PAH degradation
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Consensus nah Aa Ab Ac Ad B F cC Q E D
P. putida NCIB 9816-4 nah Aa Ab Ac Ad

P. putida G7 nah Aa Ab Ac Ad C Q E D
P. putida BS202 nah A1 A2 A3 A4 B F C E D
Pseudomonas sp. C18 dox A B D E F G H I J
P. aeruginosa PaK1 pah A A2 A3 A4 B F cC Q E D
P. putida OUS82 pah Aa Ab Ac Ad B F

P. putida NCIB 9816 ndo A B C

P. fluorescens ATCC 17483 ndo Ci C2 C3

P. putida ATCC 17484 ndo C1 C2 C3

Figure 3 Nucleotide sequences for naphthalene degradatioRseyidomonastrains. The sequences from the different organisms are more than 90%
identical. References for the sequences are as foll®wsputida NCIB 9816-4 ([23] and Paralest al, GenBank accession U49496), putida G7
[4,13,23], P. putida BS202 (Bezborodnikowt al, GenBank accession AF01047Bseudomonasp C18 [2], P. aeruginosaPaK1l (Takizaweet al,
GenBank accession D8414®), putidaOUS82 [27],P. putidaNCIB 9816 [17],P. fluorescenATCC 17483 (Hamann, GenBank accession AF004283),
and P. putida ATCC 17484 (Hamann, GenBank accession AF004284).

Table 1 Growth of Passaic River isolates on various aromatic hydro-simple colony blots for two reasons: to eliminate the back-

carbons ground sometimes seen with colony blotting and to obtain
_ a clean hybridization signal with an RFLP pattern that can
Substrate ?:STOZ?;C;Q%S Pseudomonas putida e compared between the strains. All three of the isolated
P. putidastrains hybridized to the probe with the same size
GZ38AGZ39 Gz42 Gz4l Gzasa Gzas2  ECORI fragment hybridizing in each case for the unknowns
as well as for the contrdP. putidaNCIB 9816-4 [9]. This
Phenanthrene + + + + + + is as expected aBseudomonastrains possessing theah
Naphthalene - + + + + + genes are historically the ones which are the easiest to
Anthracene + - - - + - obtain. However, the three newly isolat€d testosteroni
Phtralate M - T } strains did not show any hybridization to the gene probe
oHydroxybenzoate -  + + + + + containing thenahgenes fronP. putidaNCIB 9816-4. This
m-Hydroxybenzoate - + + - - - was an exciting finding as it suggested tRattestosteroni
p-Hydroxybenzoate - + + + + + perhaps represented an alternate line of evolution for a
Benzoate - - - + + - phenanthrene/naphthalene catabolic pathway or perhaps
Glucose ST o N had highly divergent genes for phenanthrene/naphthalene
Succinate + + + + + +

degradation.

as well as phenanthrene except for GZ38A which only greWMoIecuIar analysis of PAH degradation by

. , . .~ "Comamonas testosteroni strains

on phenanthrene. This confirmed the earlier observations

(Figure 1) that catabolic pathways for naphthalene and In order to investigate the differences between the genes
phenanthrene are interchangeable. Three of the six choséor PAH degradation in th€. testosteronstrains and the

strains were identified d3. putidaand three were identified classically studiddputidastrains, cloning investigations

as Comamonas testosterorbased on substrate profiles were initiated. A genomic library was constructed ©f

(Biolog screening) and by partial 16S rRNA gene sequentestosteroniGZ39 and screened i. coli for the ability to

cing. Southern hybridizations were performed using iso-convert indole to indigo [9]. Two clones were obtained that

lated genomic DNA from each strain cut witbcaRl and had this ability and thus putatively contained the genes for

the nahAaAbAcAdABFCQE@enes fromP. putida NCIB  a dioxygenase. Restriction mapping of the two 40-kbp
9816-4 as a probe. Genomic Southerns were chosen over  cosmid clones showed that they contain the same 18-kbp
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region of DNA (Figure 4). This region was subcloned and similarity to any known group of dioxygenase enzymes.
subjected to analysis. Each subclone was tested for th8ince the genes and encoded proteins showed so much
ability to produce indigo from indole, eitharis-naphtha- divergence to enzymes known to be involved in aromatic
lene dihydrodiol or 1,2-dihydroxynaphthalene from naph-hydrocarbon degradation, further experiments were conduc-
thalene, and eithecis-phenanthrene dihydrodiol or 3,4-  ted to prove that the genes cloned actually are involved in
dihydroxyphenanthrene from phenanthrene. This alloweghhenanthrene degradation. A knock-out mutant was con-

the location of the genes for the first two enzymes in the  structed by cassette mutagenesis into the cloned genes fol-
catabolic pathway: naphthalene dioxygenase @rthaph- lowed by homologous recombination with the genome. The
thalene dihydrodiol dehydrogenase. Interestingly enough,  resulting mutant strain lost the ability to grow on naphtha-
the subclone and metabolite assay experiments indicatddne and phenanthrene, indicating that the cloned genes are
that the gene for the latter enzyme is located in between necessary for growth on the PAHSs tested.

the four genes needed for naphthalene dioxygenase [9]. The DNA sequencing was continued downstream of the
region of DNA encoding these activities was sequencegphdAbAaBAcAdgenes to determine if any other genes
(Figure 4). As expected, four genes readily identifiable asnvolved in PAH degradation could be detected. Open read-
encoding naphthalene dioxygenase were seen with a gene ing frames in this case were identified solely on the simi-
for acis-dihydrodiol dehydrogenase located between themlarity of the deduced amino acid sequences with other

The order of the genes, designateld for phenanthrene enzymes in the database. Genes identified irpihakip
degradation, iphdAh encoding the ferredoxin component, encoding 2-hydroxychromene-2-carboxylate isomerase, an
phdAa encoding the reductase compongfitdB encoding orf encoding a polypeptide of unknown function, an orf

for cis-dihydrodiol dehydrogenaseyhdA¢ encoding the encoding a glutathione S-transferase, @hdiE encoding

large subunit of the oxygenase component, @hdlAd  2-hydroxybenzalpyruvate hydratase-aldolase (Figure 4).
encoding the small subunit of the oxygenase componeniThus, theD and E genes are no longer adjacent to one
Although the proteins encoded by the genes were readily = another and two new genes are placed between them. In
identifiable by known characteristics of related enzymesaddition, genes for 1,2-dihydroxynaphthalene dioxygenase
they show a high degree of divergence from the amino acid and salicylaldehyde dehydrogenase have not yet been
sequences of the related proteins frofseudomonas located.

strains. For instance, the large subunit of the PAH dioxy- One question that remains is whether the genes for phen-
genase (PhdAc) falls into the NahAc family, but is distantly anthrene and naphthalene degradation are the same in each
related to the sequences presented in Figure 3. The amino of theCthrestosteronstrains isolated from the Passaic

acid sequence of the reductase component (PhdAa), hovRiver sediment. A Southern hybridization experiment was

ever, shows a high degree of divergence, having more simi-  carried out using the pluhgenes and genomic DNA

larity to monooxygenase reductases involved in phenol oisolated from the six strains listed in Table 1 [9]. None of
toluene oxidation than reductases associated with dioxy-  the tAregutida strains hybridized to this probe, as
genase enzymes. The amino acid sequence dafiskdthyd-  expected. However, the two oth&. testosteronistrains

rodiol dehydrogenase (PhdB) shows that it is more similar ~ showed unexpected @steistosteronGZ38A showed

to cis-biphenyl dihydrodiol dehydrogenases th@s-naph-  hybridization but with a different RLFP pattern. Whether
thalene dihydrodiol dehydrogenases. The amino acid thisis the result of the genes being organized in a different
sequences of the small subunit of the oxygenase componeoatnfiguration, or the result of loss of certain genes, or sim-
(PhdAd) and the ferredoxin (PhdAb) do not show close  ply a change in one baseHodah site, remains to be

Hp Hp Xbin th C Cxlh
L —T e pGJZ1701
E EE E E

E E EEE
Xh C Ho Hp  Hp Xbal
— — T . —r pGJZ1702
E-E  EEEE

D DD o
AbAa B Ac Ad D ? GST E

Figure 4 Genes for naphthalene and phenanthrene degradation (desigiajeflom C. testosteroniGZ39. Abbreviations: CClal; E, EcaRl; Hp,
Hpal; Xb, Xba; Xh, Xhd.
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Figure 5 Genes for naphthalene and phenanthrene degradation (designadgeflom C. testosteronizZ42. Abbreviations: BgBglll; E, EcaRl; Ss,
Sst; X, Xhd.

determined. However, this change in RFLP pattern may  corresponding dihydroxylated product. This then provides
help explain the fact that while strain GZ39 is able to growdirect evidence that the 2-nitrotoluene and 2,4-dinitrotolu-
on both phenanthrene and naphthalene, strain GZ38A is ene pathways may have evolved directly from an existing
only able to grow on phenanthrene. In contrast to GZ38APAH degradation pathway.
C. testosteroniGZ42 showed no detectable homology to
thephd genes used as a probe. This suggests that the geng
for PAH degradation in strain GZ42 represent a third class
of genes for naphthalene/phenanthrene degradation. This work was supported in part by a grant from the Elec-

The genes for PAH degradation were cloned fr@n tric Power Research Institute and by grant F49620-94-1-
testosteroniGZ42 in order to investigate the genetic basis 0258 from the Air Force Office of Scientific Research. GJZ
for the hybridization difference seen. A cosmid library wasis the recipient of a Young Investigator Award from the
constructed and screened for the ability to produce indigo National Science Foundation.
from indole inE. coli. Subclones of the obtained cosmid
clone were constructed and tested for the ability to OXidiZq?eferences
naphthalene and phenanthrene. ®st fragment identified
as containing the genes for PAH degradation wasl kl)DaVie'IS Ji angoﬁlgniégngi ggﬁ:m%xgifti\zlglmzeéalbolism of naphthalene

: 3 Soll pseu . . - .

Sequenced (Flgure 5)' The nucleotide Sequence reveals thét DsfenomFe3 SA, DC Stanley, ES Olson and KD Young. 1993. Metabolism
althoth the genes found @. testosteronGZ39 discussed of dibenzothiophene and naphthaleneFseudomonastrains: com-
above are novel, the genes foundGn testosteronizZ42 plete DNA sequence of an upper naphthalene catabolic pathway. J
are divergent relatives of theahgenes. The level of diver- Bacteriol 175: 6890-6901.
gence is such that the genes would not hybridize to each3 Dunn NW and IC Gunsalus. 1973. Transmissible plasmid coding early

. e : enzymes of naphthalene oxidationRseudomonas putidd Bacteriol
other except under very low stringency conditions and with /757 oo o

a highly |?‘beled probe. The amino a(_:id Sequences arey gaton RW. 1994. Organization and evolution of naphthalene catabolic
highly similar, more so than the nucleotide sequence. The pathways: sequence of the DNA encoding 2-hydroxychromene-2-car-
major difference between the genes for PAH degradation boxylate isomerase and  trans-o-hydroxybenzylidenepyruvate

found in C. testosteronicZ42 and those ifPseudomonas hydratase-aldolase from the NAH7 plasmid. J Bacteriol 176: 7757—
) 7762.

is the presence of new genes. Between the. gene for th% Eaton RW and PJ Chapman. 1992. Bacterial metabolism of naphtha-
reductase componenhghAg and the ferredoxin compo- lene: construction and use of recombinant bacteria to study ring cleav-
nent fahAD of the initial dioxygenase are two genes enco- age of 1,2-dihydronaphthalene and subsequent reactions. J Bacteriol
ding proteins of unknown function. The one, dESignatedG ]I-E7nizle7ysgj_7asnsd4'DT Gibson. 1983. Naphthalene dioxygenase: purifi
nahACZ encodes a protein showmg _Slmllamy to Iarge sub- cation and properties of a terminal oxygenase component. J Bacteriol
units of oxygenase components of dioxygenases. The other, 155. 505-511.

designatedhahAd2 encodes a protein showing similarity 7 Ensley BD, DT Gibson and AL Laborde. 1982. Oxidation of naphtha-
to small subunits of oxygenase components of dioxy- lene by a multicomponent enzyme system friéseudomonasp strain
genases. The rest of the operon shows an identical geng N3 9816 J Bacteriol 149: 948-954.

izati that f d for t h inP d Ensley BD, BJ Ratzkin, TD Osslund, MJ Simon, LP Wackett and DT
organization as that found for theah genes inPseudo- Gibson. 1983. Expression of naphthalene oxidation gendssamer-

monasspecies. Following th@ahD gene is a gene enco- ichia coli results in the biosynthesis of indigo. Science 222: 167—169.

ding a protein with similarity to glutathione S-transferases. 9 Goyal AK and GJ Zylstra. 1996. Molecular cloning of novel genes

Interestingly, thenahAaAc2Ad2AbAc1Adfenes are highly ~ for pO'YCVCi'g aromatic hydrocarbon g??rggaggg ggg"’mamonas
. i i testosteroniGZ39. Appl Environ Microbiol 62: —236.

similar to, those for 2-nitrotoluene and 2’4_ dmltro_to,luenelo Grund AD and IC Gunsalus. 1983. Cloning of genes for naphthalene

degradation [18,25]. In fact, a clone B coli containing metabolism inPseudomonas putidd Bacteriol 156: 89-94.

these genes is capable of oxidizing 2,4-dinitrotoluene to the1 Haigler BE and DT Gibson. 1990. Purification and properties of ferre-
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